We studied the asymmetry between valence and conduction bands in single-walled carbon nanotubes (SWNTs) through the direct observation of spin-singlet transverse dark excitons using polarized photoluminescence excitation spectroscopy. The intrinsic electron-hole (e-h) asymmetry lifts the degeneracy of the transverse exciton wavefunctions at two equivalent K and K' valleys in momentum space, which gives finite oscillator strength to transverse dark exciton states. Chirality-dependent spectral weight transfer to transverse dark states was clearly observed, indicating that the degree of the e-h asymmetry depends on the specific nanotube structure. Based on comparison between theoretical and experimental results, we evaluated the band asymmetry parameters in various carbon nanotube structures and graphene.
subbands on the Dirac cone in SWNTs also exhibit e-h symmetry, which has been experimentally confirmed in the regime of a few electrons or holes 3 . Various exotic physical properties originating from the above anomalous electronic structures make SWNTs and graphene promising materials for exploring fundamental physics in low dimensional systems and for many potential applications 2, 4 .
The above description of the electronic structure of graphene and SWNTs is, however, no longer true at higher energies. Away from the Fermi level, theory predicts that the band structure gradually becomes asymmetric due to overlap of electron wavefunctions and/or hopping between adjacent carbon atoms 2, [4] [5] [6] [7] [8] . This band asymmetry is not only quite fundamental, but is also practically important for considering future applications of carrier-doped SWNTs 7, 9 such as ultra-efficient photovoltaic devices using extremely efficient multiple e-h generation in . Despite this importance, no experimental study has clarified the magnitude of the intrinsic asymmetry and its dependence on the specific chiral structure of SWNTs.
The optical transitions in semiconducting SWNTs are dominated by strongly bound electron-hole states called excitons [11] [12] [13] [14] [15] . As shown in Fig. 1(a) , longitudinal excitons (X 11 , X 22 , …) consist of electrons and holes in the same 1D subband. On the other hand, 3 transverse excitons 15, 16 (X 12 and X 21 ) have quasi-angular momentum connecting the electron and hole states across these subbands. Therefore, transverse excitons include information about the e-h asymmetry. This enables us to probe the intrinsic e-h asymmetry by noninvasive optical measurements. Hereafter, we refer the energy of X ij excitons as E ij . As shown in Fig. 1(b) , the degenerate exciton states near the K and K' points in momentum space are theoretically predicted to yield optically active (bright) and inactive (dark) exciton states through the intervalley Coulomb interaction for both longitudinal and transverse excitons 15 . Only longitudinal dark states [17] [18] [19] have been experimentally confirmed using the Aharonov-Bohm effect 20 in strong magnetic fields.
In this Rapid Communication, we demonstrate experimental evidence of the intrinsic e-h asymmetry in SWNTs through the direct observation of transverse dark excitons.
Our observation shows novel weak transverse exciton absorption peaks approximately 200-300 meV below the lowest optically active transverse exciton peaks in polarized PL excitation (PLE) spectra. These peaks are attributed to transverse dark states that acquire finite oscillator strength (quasi-dark states) due to the degeneracy lifting of X 12 and X 21 transverse excitons in the K and K' valleys caused by the intrinsic e-h asymmetry in SWNTs. We found a clear (n, m) dependence in the relative intensities between bright and quasi-dark states. In addition, we have confirmed that these experimental results are consistent with theoretical calculations of transverse excitons taking the depolarization effect into account. From the comparison between experimental and theoretical results, we evaluated the band asymmetry parameters for SWNTs with various specific chiral structures.
For the optical measurements, SWNTs synthesized by the HiPco method were dispersed in D 2 O with 0.5 wt % sodium dodecylbenzene sulfonate (SDBS) by vigorous . These suspensions were then centrifuged for 1 h at 386 000 g and the supernatant, rich in isolated SWNTs, was used for PL measurements. The use of such ensemble samples enabled us to probe weak transverse quasi-dark exciton absorption. Near-infrared (NIR) PL emission from the sample was recorded while the excitation wavelength was scanned from 730 to 1000 nm. A CW Ti:sapphire laser (100 mW/cm 2 ) was used for the excitation, and the excitation power was monitored and kept constant during the measurements. The emission spectral slit width was 5 nm and scan steps were 5 nm on the excitation axis. NIR polarizers were placed behind the excitation laser and before the emission monochromator, respectively. The alignment of the polarizers was examined by observing the polarization of scattered light from dilute colloidal silica in water. Polarized PLE spectra were obtained with the emission polarizer oriented parallel to (I VV ) or perpendicular to (I VH ) the direction of the vertically polarized excitation, and the pure component for parallel ( // I ) and perpendicular (  I ) dipoles relative to the nanotube axis were obtained using the relationships excitations to the nanotube axis decomposed from I VV and I VH spectra using Eq. (1) and (2). For perpendicular excitation, the observed PLE peak positions were completely different from those for parallel excitation. Both peak positions and PLE spectral shapes of the dominant peaks for parallel and perpendicular incident light are consistent with those in previous measurements 22, 25, 26 . For parallel excitation, near-infrared PL from X 11 excitons (E 11 ) following excitation of X 22 excitons (E 22 ) are observed (here, we do not rigorously distinguish the notation for longitudinal bright and dark states). On the other hand, X 11 PL following excitation of transverse excitons between the first and second subbands is observed for perpendicular excitation. The transverse exciton shows broad absorption peaks and intensity tails to the high-energy side, as has been reported previously 22, 25 . The primary peaks come from bright transverse excitons X T
, which are bonding states of X 12 and X 21 excitons in the K and K' valleys.
At approximately 200-300 meV below the peaks of X T (+)
, we found weak but distinct absorption peaks as shown in the outlined region in Fig. 1(d) . We attribute these small peaks to exciton absorption by quasi-dark excitons X T (-) representing the anti-bonding states of X 12 and X 21 excitons. These anti-bonding states are optically forbidden when X 12 and X 21 excitons are degenerate, i.e., E 12 = E 21 . However, the degeneracy is lifted as (triangles) were observed between E 11 and E 22 (circles).
6 Chiral indices assignment was done based on the PL peak energies and the family pattern [25] [26] [27] . , and E 22 . Figure 2(b) shows the diameter dependence of the energy difference T  between E T
and
approximately 200-300 meV for the observed nanotube species, and depends on the specific nanotube structure. The magnitude of the bright-dark energy splitting for transverse excitons is much larger than that of longitudinal excitons, as is consistent with previous theoretical predictions 15, 28 . .
In order to clarify a relationship between quasi-dark excitons and the e-h asymmetry in SWNTs, we theoretically study absorption spectra of transverse excitons. The exciton states are calculated in a k·p (or effective-mass) approximation by using a screened Hartree-Fock approximation
11
. The transverse exciton induces a depolarization field.
The depolarization field causes coupling between exciton states X 12 and X 21 , and consequently, the bright X T in order to take the trigonal warping of energy bands into account. The trigonal warping provides the chirality dependence on exciton states. In the following calculations, we fix a nonradiative decay width to be 10 meV. ) for each (n, m). Small diameter near-zigzag SWNTs tend to have large e-h asymmetry. The corresponding effective overlap integral S ~ 0.2 is considerably larger than that of near-armchair SWNTs (S ~ 0.1). This large chirality dependence on effective overlap integral could be attributed to the change of the bond length.
In summary, we performed the direct observation of the transverse quasi-dark exciton states brightened due to the intrinsic e-h asymmetry of SWNTs. In polarized PLE spectra we clearly observed a structure-dependent spectral weight transfer from transverse bright states to transverse dark states due to the degeneracy lifting of exciton states. Based on comparison between our experimental and theoretical results, we evaluated the e-h asymmetry corresponding to the effective overlap integral S~0.1 in near-armchair SWNTs, and the strongly enhanced e-h asymmetry in small diameter near-zigzag SWNTs. The e-h asymmetry or effective overlap integral is strongly enhanced for near-zigzag SWNTs with small diameter. Our findings complement the lack of fundamental information on the band asymmetry in SWNTs and graphene, and will lead to further understanding of these novel materials. Since (8, 6) and (12, 1) SWNTs have almost the same E 11 , one cannot distinguish E T (-) of both species only from the PL and PLE spectra. We assigned E T (-) of them so that E T (-) , Δ T , peak widths and the intensity ratio in Fig. 3 PLE spectra of various (n, m) species for excitation perpendicular to the nanotube axis.
Higher and lower energy peaks correspond to E T
and E T
, respectively. The spectra were decomposed by Voigt functions to evaluate each peak's area intensity. Since the PL 13 emission wavelengths of (8, 6) and (12, 1) SWNTs are almost identical, the corresponding PLE spectra are combined. 
